A comparison of chloroplast DNA (cpDNA) sequences was carried out between the crop and weed types of Abutilon theophrasti to clarify the seed source of the present weedy velvetleaf in Japan. A sequencing analysis of approx. 6% of the chloroplast genome (ca 10 kbp) detected three nucleotide substitutions, one six-base-pair insertion/deletion (indel) and one 30-base pair inversion, which distinguish two haplotypes of cpDNA. A PCR-based survey of the indel and the inversion revealed that the 93 accessions of velvetleaf collected from the world could be divided into two groups. A morphological marker (capsule color) could be used to discriminate the crop type and the weed type, and hence, along with cpDNA haplotype, to distinguish three genotypes (Type I, II, and III). All Japanese cultivars and crop accessions from other countries were Type I. Weed types were divided into Type II and III. All of the samples from the USA, and the samples taken from grain imports to Japan were Type III. Since most of the weedy types distributed in Japan were of Type III, it is argued that they were introduced as seeds in the imported grain. We also found that the Type II plants sporadically occurred in Japan. It is suggested that they originated as hybrids, with indigenous cultivars as the maternal ancestor. Such hybrids must have survived since the cessation of velvetleaf cultivation about a century ago.
Introduction
Velvetleaf (Abutilon theophrasti Medik.) has been cultivated as a fiber crop in China, England, and the United States (Spencer, 1984) . Especially, in China, which is thought to be the origin of velvetleaf, usage may date back to 2000 BC or earlier (Spencer, 1984) . In Japan, this plant is thought to have been introduced as a fiber crop from China in ancient times and was cultivated all over Japan until about 100 years ago (Fukane, 918; Yoshikawa, 1919) . Velvetleaf was not recognized as a weed until the 1980s (Ito, 1993) . In the mid-1980s, however, this plant suddenly became one of the most troublesome exotic weeds of forage crop field all over Japan (Nishida and Shimizu, 1999) . Questionnaires were mailed in 1993 to research stations and/or extension stations in each prefecture, to collect data concerning exotic weed distribution, abundance, and crop losses in arable land (Nishida and Shimizu, 1999) . The survey revealed that velvetleaf was the most abundant and widespread exotic weed species. A correlation was found between velvetleaf abundance and crop losses, and in 20% of the places where velvetleaf occurred 'big' or 'very big' on crop losses were recorded, revealing velvetleaf as the most troublesome weed (Nishida and Shimizu, 1999) .
There are two possible reasons for the outbreak of velvetleaf in Japanese forage crop fields: (1) the accidental release of a cultivar and (2) an invasion of a new strain from abroad. Shimizu et al (1996) found some velvetleaf seeds in the imported sorghum and soybean from the United States and lupine from Australia consistent with the second scenario. In a previous study, we found that there are two different growth habits in velvetleaf, that is, crop and weed types (Kurokawa et al, 2003a) . The contaminants detected in imported grain showed strong weedy growth, and were genetically different from the crop type indigenous to Japan (Kurokawa et al, 2003a, b) . We also found that ivory capsule color could be used as a morphological genetic marker to discriminate the crop type from the weed type. The ivory phenotype is governed by recessive gene (s) (Kurokawa et al, 2003a) .
The aim of the present study is to clarify the origin of the present invasive velvetleaf of Japan based on the seed flow using chloroplast DNA markers. Uniparentally inherited organelle markers can be used to estimate the relative gene flow by pollen vs seed by comparison with biparentally inherited nuclear markers such as the allozymes (Petit et al, 1993; Ennos, 1994) . In angiosperms, chloroplast genes are only dispersed in seeds; therefore, cpDNA markers can be used to follow seed movement. Since the samples used in this study were collected from all over the world, it is possible to classify the samples based on their genetic profiles, and to compare the profiles to assess the origin of the recent outbreak.
Materials and methods

Plant materials
A total of 93 samples were used in this study (Table 1) (Loskutov, 1999) .
DNA extraction
Total DNA was extracted using a DNeasy Plant Mini kit (QIAGEN), or by a modified method by Liu et al (1995) . DNA extraction by a DNeasy Plant Mini kit was performed following the protocol supplied by the Liu et al (1995) was performed as below. One individual plant was used as material from each accession. Approximately 100 mg of leaves stored frozen in a 1.5 ml tube were ground in the same tube in the presence of 100 ml of isolation buffer (0.3 M NaCl, 50 mM Tris-HCl pH 7.5, 20 mM EDTA, 0.5% SDS, 5 M urea and 5% phenol) using a microtube homogenizer (S-203, Ikeda Sci., Tokyo, Japan) at about 200-300 rpm. Another 400 ml of isolation buffer and 400 ml of phenol/choloform/isoamyl alcohol (25:24:1) were added to the tube, mixed, and centrifuged at 15 000 rpm for 5 min in a microcentrifuge. DNA was recovered by ethanol precipitation and dissolved in a 50 ml TE buffer containing RNase (20 mg/ml), and then stored at À201C.
DNA amplification
Approximately 10 ng of total DNA was used in the amplification reaction. A total of 19 universal primer pairs proposed by various authors (Hiratsuka et al, 1989; Taberlet et al, 1991; Liston, 1992; Demesure et al, 1995; Petit et al, 1998) were used to amplify partial regions of chloroplast DNA. The thermal cycling was performed in a GeneAmp 9700 (Applied Biosystems) or GeneAmp 2400 (Perkin Elmer). PCR products amplified were purified by MicroSpin S-300 HR Columns (Amersham Biosciences KK) before sequencing. Direct sequencing was performed with universal primers by an ALFexpress DNA sequencer (Amersham Pharmacia Biotech) or ABI 373 DNA sequencer (Applied Biosystems). Consequently, sequences of approximately 10 kbp of chloroplast DNA were determined.
Results
Nucleotide polymorphisms in chloroplast DNA of velvetleaf Preliminarily, a comparison of the chloroplast DNA sequences was carried out using eight universal primer sets on accessions PI499240, PI499255, and 94-62-L as representatives of crop and weedy growth habits of velvetleaf (cf. Tables 4 and 5). As a result, three nucleotide substitutions, one six-base-pair indel and one 30-basepair inversion, were detected among three samples in three regions of cpDNA genome, generated by three primer sets (trnL-trnF: GGTTCAAGTCCCTCTATCCC and ATTTGAACTGGTGACACGAG; trnH-trnK: ACG GGAATTGAACCCGCGCA and CCGACTAGTTCCGGG TTCGA; and trnT-psbC: GCCCTTTTAACTCAGTG GTA and GAGCTTGAGAAGCTTCTGGT). Aligning the nucleotide polymorphisms detected among the three samples, it was found that there were two cpDNA haplotypes in velvetleaf, that is, haplotype A and B. To screen the 93 accessions of velvetleaf as to the cpDNA haplotypes, we developed two PCR-based markers to detect the size differentiation of the six-base-pair indel and the direction of 30-base-pair inversion (Table 2, Figure 1 ). To detect the six-base-pair indel, the PCR products were separated on 6% acryl amide gel in a Trisborate-EDTA buffer containing 6 M urea, and detected with a Cy5 florescence labeled primer using an ALFexpress DNA sequencer with a fragment analyser 1.02 (Amersham Pharmacia Biotech). For the 30-base-pairs inversion, we designed another primer located in the inverted site, and inferred the direction of inverted sequence by the sized of PCR products amplified. Initial denaturation was for 5 min at 941C, which was followed by 30 cycles of 30 s at 941C, 30 s at 471C, 1 min at 721C, and a final 7 min extension at 721C in a GeneAmp 9700 (Applied Biosystems). The PCR products were separated on 1% agarose gel in a Tris-acetate-EDTA buffer, stained with ethidium bromide, and visualized under UV light. The primer was designed using an OLIGO Primer Analysis Software for Windows ver. 6 (Molecular Biology Insights, Inc.). As a result, these accessions were successfully classified into two haplotypes (Tables 4  and 5 ).
Discrimination of three genotypes for 93 accessions of velvetleaf using genetic markers Previously, we had found two capsule color variants governed by nuclear gene(s) (Kurokawa et al, 2003a) . Ebony (dominant) and ivory (recessive) were traits that discriminated the weed and crop types, respectively. In combination with the cpDNA haplotype, we could classify all accessions to three genotypes: Type I, II and III ( 
Discussion
Source of the present velvetleaf in Japan Previously, we had found that there are two different growth habits in velvetleaf and that they also show differences in morphology and ISSR variation (Kurokawa et al, 2003a, b) . The contaminants detected in imported grain were found to be a potential origin of the present invasive velvetleaf in Japan, because they show weedy growth habit and are genetically distinct. The present study showed that all accessions could be divided into three genotypes (Type I, II, and III) by combination of the cpDNA haplotype and capsule color variation. All Japanese crop cultivars and crops from other countries were Type I (Tables 4 and 5 ). On the other hand, the quarantine samples contaminating grain imported from abroad and the US samples (the main origin of the quarantine samples) were Type III (Table 5 ). These results suggest that Type III, which has a different cpDNA haplotype from Japanese cultivars, has been entering Japan via imported grain from the United States of America and Australia, since most of the Japanese weed samples were also Type III. The findings suggest that the cause of the recent outbreak of invasive velvetleaf in Japan is that foreign weedy strains have entered Japan, contaminating major imported grain, Accessions used for the preliminary experiment to detect sequence polymorphisms.
Differentiation of velvetleaf in morphology and cpDNA S Kurokawa et al which amount to 30 million tons per year (FAOSTAT, 2003) . The small number of Type II plants might result from crosses between the Type I (maternal) and Type III (paternal) plants during the period when velvetleaf cultivar (Type I) was still cultivated in Japan (Table 5) , which have subsequently survived despite the cessation of the cultivation of velvetleaf. If this is true, other factors in addition to immigration could have contributed to the outbreak, including changes in weeding methods.
Gene flow between the crop and weed types of velvetleaf Gene flow can be expected to occur in many crop/weed complexes if the crop and the weed have sympatric ranges, are sexually compatible, have flowering times that overlap, and share a common pollinator (Arriola and Ellstrand, 1997) . In fact, spontaneous gene flow between crop and weed has been reported in several cases (eg, Helianthus, Arias and Rieseberg, 1994; Sorghum, Arriola and Ellstrand, 1996 ; Raphanus, Klinger et al, 1991 Klinger et al, , 1992 ; Brassica, Jorgensen and Andersen, 1994; Oryza, Langevin Kirkpatrick and Wilson, 1988; Wilson et al, 1994) . In velvetleaf, Kurokawa et al (2003a) revealed that the crop and weed types are sexually compatible and that their flowering times are overlapping. Therefore, most of the above conditions for gene flow are thought to have been satisfied, if the weed type occurred in Japan when velvetleaf was cultivated as fiber crop. At present, we find that Type II has the ebony capsules specific to the weed type, but a cpDNA of haplotype A, the same as the crop type (Table 5 ). It is suggested that the gene flow from the weed type (Type III) into the crop type (Type I) has occurred. Theoretically, the converse could also have occurred, that is, gene flow from the crop type into the weed type (Type IV, as it were). Unfortunately, our classification by the capsule color and the chloroplast variation could not distinguish the Type IV because the capsule color is a dominant marker. Either hybrid, Type II and IV, might have a different adaptive ability to Japanese field conditions from their ancestors, as found in the other species (eg Oryza, Langevin et al, 1990; Raphanus, Klinger and Ellstrand, 1994; Brassica, Linder and Schmitt, 1995) . Further study will be needed to elucidate the differences between types that explain the invasion of velvetleaf in Japan.
